r NMDA receptors (NMDARs) are required for long-term depression (LTD) at parallel fibre-Purkinje cell synapses, but their cellular localization and physiological functions in vivo are unclear.
Introduction
Long-term potentiation (LTP) and long-term depression (LTD) of excitatory transmission are believed to be the primary cellular models responsible for learning and memory in vivo (Collingridge et al. 2010; Herring & Nicoll, 2016) . N-methyl-D-aspartate receptors (NMDARs), the ionotropic glutamate receptors endowed with high Ca 2+ permeability, play key roles in induction of LTP and LTD in various brain regions (Collingridge et al. 2010; Herring & Nicoll, 2016) . NMDARs function as heterotetrameric assemblies that consist of obligatory GluN1 and GluN2 subunits, or a mixture of GluN2 and GlnN3 subunits, giving rise to distinct biophysical and signalling properties (Paoletti et al. 2013) . While NMDARs are traditionally thought to serve as a coincidence detector in Hebbian plasticity at postsynaptic sites, NMDARs located at presynaptic sites are also shown to shape synaptic transmission and plasticity at certain synapses (Banerjee et al. 2016) . Thus, it is important to clarify how distinct NMDARs are expressed and contribute to synapse-specific and circuit-level information processing.
In the cerebellum, synaptic plasticity between parallel fibres (PFs; axons of granule cells (GCs)) and Purkinje cells (PCs) is believed to serve as a basis for the motor learning underlying visual adaptation of the horizontal optokinetic response (hOKR) and vestibuloocular reflex (Ito et al. 2014; De Zeeuw & Ten Brinke, 2015) . However, the direction of synaptic plasticity (i.e. LTP or LTD) remains controversial. While various genetically engineered mice with disruptions in the expression of key molecules necessary for LTD induction in vitro displayed impaired motor learning in vivo (Yuzaki, 2013; Ito et al. 2014) , only LTP induced by low-frequency stimulation (1 Hz-LTP) of PFs was correlated with motor learning in other mutant mice (Schonewille et al. 2010 (Schonewille et al. , 2011 Gutierrez-Castellanos et al. 2017) . Interestingly, although 1 Hz-LTP does not rely on NMDARs (Wang et al. 2014) , LTD requires NMDAR activation in cerebellar slice preparations (Casado et al. 2002; Shin & Linden, 2005; Piochon et al. 2010; Kakegawa et al. 2011 ). PCs do not express functional synaptic NMDARs in juvenile (postnatal 2-3 weeks) cerebella used for these studies (Perkel et al. 1990; Kakegawa et al. 2003) , as they express very low levels of GluN2 subunits (Watanabe et al. 1993; Akazawa et al. 1994; Petralia et al. 1994; Yamada et al. 2001) . Thus, NMDARs located in other cells probably mediate LTD in the juvenile cerebellum, but their precise cellular and subcellular localization remains controversial. Presynaptic NMDARs located on PFs (Casado et al. 2000; Bidoret et al. 2009 Bidoret et al. , 2015 or stellate/basket cells (collectively referred to as molecularlayer interneurons (MLIs)) (Glitsch & Marty, 1999; Duguid & Smart, 2004; Shin & Linden, 2005; Glitsch, 2008; Wang et al. 2014) have been proposed as candidate locations. In addition, postsynaptic NMDARs at climbing fibre (CF)-PC synapses may also contribute to LTD (Piochon et al. 2010 ) because a small proportion of CF-evoked excitatory postsynaptic currents (CF-EPSCs) are carried by NMDARs (Piochon et al. 2007; Renzi et al. 2007; Bidoret et al. 2009 ) in animals older than 8 weeks. Finally, whether NMDARs expressed in these cells play functional roles in motor learning remains undiscovered in vivo.
In the present study, we examined the contribution of NMDARs expressed in GCs, PCs and MLIs to LTD/LTP, as well as the adaptation of hOKR by generating a GC-, PC-and MLI/PC-specific conditional knockout (cKO) of the Grin1 gene encoding the obligatory GluN1 subunit. While robust LTD/LTP was induced in GC-specific and PC-specific Grin1 cKO mice (GC-Grin1 and PC-Grin1 cKO mice, respectively), LTD, but not LTP, was impaired in MLI/PC-specific Grin1 cKO mice (MLI/PC-Grin1 cKO mice). Similarly, hOKR adaptation was normally induced in GC-or PC-Grin1 cKO mice, but not in MLI/PC-Grin1 cKO mice. These results indicate that it is the NMDARs expressed in MLIs, but not in GCs or PCs, that play important roles in LTD in vitro and motor learning in vivo.
Animals

Grin1
flox mice (B6.129S4-Grin1 tm2Stl /J; No. 005246, The Jackson Laboratory, Bar Harbor, ME, USA) had loxP sites before and after exon 11 of the Grin1 gene (Tsien et al. 1996) . Pcp2-Cre transgenic mice (B6.129-Tg(Pcp2-Cre) 2Mpin/J; No. 004146, The Jackson Laboratory) expressed Cre recombinase in cerebellar PCs under the control of the L7/pcp2 promoter (Barski et al. 2000) . Gabra6-Cre transgenic mice (B6;D2-Tg(Gabra6-Cre)B1Lfr/Mmucd; RRID:MMRRC 000196-UCD, Mutant Mouse Resource & Research Centre) expressed Cre recombinase in cerebellar GCs under the control of the murine γ-aminobutyric acid A receptor α6 subunit (GABA A Rα6) promotor (Funfschilling & Reichardt, 2002) . Pvalb-Cre transgenic mice, which expressed Cre recombinase in parvalbumin (PV)-positive inhibitory neurons, were generated using bacterial artificial chromosome (BAC) containing the Pvalb gene (Tanahira et al. 2009 ). Grin1 flox mice were backcrossed for nine generations and maintained on a C57BL/6J genetic background. Grin1 flox mice were also maintained on a C57BL/6N genetic background by backcrossing for three generations. Pcp2-Cre transgenic mice were backcrossed for at least seven generations to maintain them on a C57BL/6N background and crossed with Grin1 flox mice of the same genetic background. Gabra6-Cre transgenic mice were backcrossed for at least seven generations to maintain them on a C57BL/6N background and crossed with Grin1 flox of the same background. Pvalb-Cre transgenic mice were backcrossed for at least 15 generations to maintain them on a C57BL/6J background and crossed with Grin1 flox of the same background. For behavioural experiments, littermate mice were used as controls. For other experiments, homozygous Grin1 flox mice of either C57BL/6J or C57BL/6N genetic backgrounds were used as controls. Mice had free access to food and water.
Immunohistochemistry
For GluN1 staining, we used cryosections. Mice were anaesthetized by isoflurane and decapitated. After removing the whole brain, the cerebellar vermis was trimmed on ice, mounted on a tissue freezing medium (Leica, Wentzler, Germany), and frozen using liquid nitrogen. The frozen vermis was cut into 10 μm slices in a cryostat (CM1950, Leica, Wentzler, Germany), mounted on Matsunami Adhesive Slide glasses (Matsunami, Osaka, Japan), dried, and fixed with 95% (v/v) ethanol at −20°C for 30 min, followed by acetone on ice for 8 min (Kawabe et al. 1999) . The slices were then washed with phosphate-buffered saline (PBS) and treated with 0.1% Triton-X in PBS (Sigma-Aldrich, St Louis, MO, USA) on ice for 8 min. Slices were incubated with PBS containing 0.3% bovine serum albumin (BSA; Sigma-Aldrich), followed by 1 μg/mL rabbit polyclonal anti-GluN1 antibody (Frontier Institute, Hokkaido, Japan) for 2 h, and washed twice with PBS containing 0.3% BSA. The slices were incubated with Alexa 488 anti-rabbit IgG antibody (1:500; ThermoFisher Scientific, MA, USA) for 1 h, washed twice with PBS containing 0.3% BSA, followed by PBS only. The slices were incubated with Neurotrace 640 (1:300; ThermoFisher Scientific) for 15 min and washed with PBS. Slices were post-fixed by 4% paraformaldehyde (PFA) for 30 min, washed with PBS, and embedded with FluoroKEEPER antifade reagent without DAPI (Nacalai tesque, Kyoto, Japan).
For calbindin and PV staining, mice were anaesthetized by intraperitoneal injections of butorphanol (10 mg/kg; Meiji Seika Pharma Co., Ltd, Fukushima, Japan) and pentobarbital (100 mg/kg; Kyoritsu Seiyaku Corporation Tokyo, Japan) and transcardially perfused with 4% PFA in 0.1 M sodium phosphate buffer (PB, pH 7.4). Fixed brains were post-fixed in 4% PFA in PB for 3 h. After rinsing in PBS, cerebellar vermis was cut into 50-μm slices using a microslicer (DTK-1000; Dosaka Em Co., Ltd, Kyoto, Japan). The slices were permeabilized with 0.1 % Triton X-100 in PBS followed by blocking with 10% normal donkey serum in PB for 20 min. The slices were incubated with 1 μg/mL guinea-pig polyclonal anti-calbindin antibody (Frontier Institute, Hokkaido, Japan) and goat polyclonal anti-PV antibody (Frontier Institute, Hokkaido, Japan) overnight at room temperature, and washed three times with 0.1% Triton X-100 in PBS. The slices were incubated with dye-conjugated anti-goat IgG and anti-guinea-pig IgG antibodies (1:200; Jackson ImmunoResearch Laboratories, Inc., PA, USA) for 2 h at room temperature and washed three times with 0.1% Triton X-100 in PBS. The slices were mounted on Matsunami adhesive slide glasses (Matsunami, Osaka, Japan), and embedded in Vecta Shield mounting medium (Vector Laboratories, Inc., CA, USA).
Images were taken with a confocal laser-scanning microscope (Fluoview, FV1000; Olympus, Tokyo, Japan). Quantitative analyses were performed using Fiji software (Schindelin et al. 2012) .
Gross cerebellar anatomy
The dried sections were created using the same methodology as immunohistochemistry. The sections were incubated with 0.1% Cresyl Violet acetate (w/v; MP Biomedicals, CA, USA) for 10 min at 37°C, washed with 70% ethanol (v/v), followed by 90%, and then 100% ethanol. We ensured the sections were well stained before washing with xylene and mounted in Permount (Falma, Tokyo, Japan). Bright-field images were captured using a bright-field mode microscope (BZ-X710; Keyence, Osaka, Japan).
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Electrophysiology
Mice were anaesthetized by isoflurane and decapitated. Parasagittal cerebellar slices (200 μm in thickness) were prepared from Grin1 flox (control) and conditional Grin1 knockout mice (PC-Grin1 cKO, GC-Grin1 cKO and MLI/PC-Grin1 cKO) aged 28-80 postnatal days (P28-80), as described previously (Kakegawa et al. 2015) . Whole-cell patch-clamp recordings were made from visually identified PCs, GCs, or MLIs using a 60× water-immersion objective attached to an upright microscope (BX51WI, Olympus, Japan) at room temperature. The solution used for slice storage and recording consisted of the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 D-glucose, bubbled continuously with a mixture of 95% O 2 and 5% CO 2 . During current recordings, picrotoxin (100 μM, Sigma-Aldrich) was present in the saline to block inhibitory inputs. Intracellular solutions were composed of (in mM): 65 caesium methanesulfonate, 65 potassium gluconate, 20 HEPES, 10 KCl, 1 MgCl 2 , 4 Na 2 ATP, 1 Na 2 GTP, 5 sucrose, and 0.4 EGTA (pH 7.25, 295 mOsm/kg) for LTD experiments (Kakegawa et al. 2015) ; 130 potassium gluconate, 10 KCl, 10 HEPES, 1 MgCl 2 , 4 Na 2 ATP, 1 Na 2 GTP, and 16 sucrose (pH 7.25, 295 mOsm/kg) for LTP experiments (Emi et al. 2013) . The patch pipette resistance was 1.5-3 M for PCs and 6-10 M for GCs or MLIs when filled with each intracellular solution.
To confirm cell type-specific deletion of functional NMDARs, NMDAR-mediated currents (NMDA currents) were recorded from cerebellar slices prepared from PC-Grin1 cKO, GC-Grin1 cKO and MLI/PC-Grin1 cKO mice. GCs or MLIs were voltage-clamped at −80 mV and a cocktail containing NMDA (100 μM; Tocris Bioscience, Bristol, UK) and glycine (20 μM; Sigma-Aldrich) was applied to the slices in the presence of tetrodotoxin (1 μM, a Na + channel blocker; Alomone Labs, Jerusalem, Israel) and NBQX (50 μM, a blocker for AMPA receptors (AMPARs); Tocris). To detect postsynaptic NMDARs in PCs, CF-EPSCs were recorded in PCs voltage-clamped at −80 mV in the presence of picrotoxin (100 μM), NBQX (500 nM), and glycine (200 μM) in the extracellular solution. Then, the NMDAR-mediated EPSCs (NMDA-EPSCs) were detected using its insensitivity to 50 μM NBQX and sensitivity to an NMDAR blocker, D-AP5 (100 μM, Tocris) in the extracellular solution. NMDA-EPSCs were confirmed by their slower kinetics in 10-90% rise time and time decay constant than those of AMPARs. Intracellular solution was composed of (in mM): 140 CsCl, 4 NaCl, 0.5 CaCl2, 10 HEPES, 5 EGTA, 2 Na 2 ATP, 30 BAPTA, and 1 lidocaine N-ethyl bromide (QX-314, Sigma-Aldrich; adjusted to pH 7.3 with CsOH, 300 mOsm/kg). In these experiments, Mg 2+ was omitted from extracellular solution.
To evoke PF-evoked EPSCs (PF-EPSCs), square pulses were applied through a stimulating electrode placed on the molecular layer (ß50 μm away from the pial surface; 10 μs, 100-200 μA). Selective stimulation of PFs was confirmed with the paired-pulse facilitation of EPSC amplitudes at a 50 ms interstimulus interval. For LTD experiments, PF-EPSCs were evoked at 0.1 Hz from PCs voltage-clamped at −80 mV. After stable PF-EPSCs were observed for at least 10 min, two kinds of conjunctive stimulations were applied to induce LTD; one consisted of 30 single PF stimuli and 200 ms depolarizing pulses from −60 to +20 mV (PF/ V-stim; ), and the other consisted of 120 single PF plus CF stimuli (PF/CF-stim; (Kakegawa et al. 2015) ). In some LTD experiments, 100 nM botulinum neurotoxin light chain (BoNT LC ; R & D systems, Minneapolis, MN, USA) was loaded into PCs through patch pipettes to suppress the contribution of LTP (Kakegawa & Yuzaki, 2005) . For induction of LTP, 300 × PF stimuli were applied at a frequency of 1 Hz in the current-clamp mode (Emi et al. 2013) . Access resistances were monitored every 10 s for LTD/LTP experiments by measuring the peak currents in response to 2 mV, 50 ms hyperpolarizing steps throughout the experiments; the measurements were discarded if the resistance changed by more than 20% of its original value. Current responses were recorded with an Axopatch 200B amplifier (Molecular Devices, Inc., Sunnyvale, CA, USA), and pCLAMP software (version 9.2, Molecular Devices, Inc.) was used for data acquisition and analysis. Signals were filtered at 1 kHz, and digitized at 4 kHz for the EPSCs and 10 kHz for the NMDA-induced currents.
Behavioural analysis
Gait analysis. Bilateral forelimbs and hind paws of mice were stained by Indian ink. Mice were put on a paper on the narrow path and walked spontaneously. The footprints were collected.
Horizontal optokinetic response (hOKR).
Mice over 8 weeks old were generally anaesthetized by intraperitoneal injection with medetomidine hydrochloride/midazolam/ butorphanol (0.75/4/5 mg/kg; Zenoaq, Fukushima, Japan/ Fuji Pharma Co., Ltd, Tokyo, Japan/Meiji Seika Pharma Co., Ltd, Tokyo, Japan). A 1 cm flat-head screw was attached to the cranial bone at the midway between bregma and lambda with synthetic resin cement (Super-Bond, Sun Medical, Shiga, Japan). After the procedure, atipamezole hydrochloride (5 mg/kg; Zenoaq) was intraperitoneally injected. One or more days later, the mice were placed at the centre of a table, with their heads fixed by the screw. During hOKR experiments, they were able to make small body movements in the hOKR cylinder. hOKR experiments were performed as previously described (Kakegawa et al. 2015) . Briefly, the checked-pattern screen (check size 2 cm square) was sinusoidally oscillated around the table, 55 cm away from the mouse, by 15°( peak-to-peak) at 0.33 Hz in well-lit conditions. Several cycles of the evoked eye movements were averaged, and the mean movements distance of eye movements was calculated by modified Fourier analysis, as previously described (Nagao, 1990) . The gain of eye movement was defined as the ratio of the peak-to-peak amplitude of eye movement to that of the screen oscillation at 15°. To examine their adaptability, mice were exposed for 1 h to sustained sinusoidal screen oscillation.
Statistical analysis. Results are presented as the means ± standard error of mean (SEM). Statistical analyses were performed using BellCurve for Excel (Social Survey Research Information Co., Tokyo, Japan) and SPSS version 23 (IBM, NY, USA). Significant differences were defined as:
* P < 0.05, * * P < 0.01 and * * * P < 0.001. For comparison between two groups, we used the Mann-Whitney U test. For comparisons among several groups, we used the Kruskal-Wallis test, followed by appropriate post hoc tests.
In hOKR experiments, we used a multi-effect model for the comparison of the hOKR adaptation curve between two groups.
Results
Generation of cell type-specific conditional Grin1 knockout mice
In the mature cerebellar cortex, functional NMDARs are expressed in GCs, MLIs (Watanabe et al. 1993; Akazawa et al. 1994; Yamada et al. 2001) , and in older animals, PCs (Piochon et al. 2007; Renzi et al. 2007; Bidoret et al. 2009) ; Fig. 1A) . Thus, to examine cellular localization of NMDARs contributing to LTD and their roles in motor learning, we generated cell type-specific NMDAR knockout (cKO) mice by crossing loxP-based conditional Grin1 mice (Grin1 flox ; Tsien et al. 1996) with transgenic mouse lines that expressed Cre recombinase in PCs (pcp2-Cre; Barski et al. 2000) and GCs (Gabra6-Cre; Funfschilling & Reichardt, 2002) to conditionally knockout NMDARs in PCs (PC-Grin1 cKO) and GCs (GC-Grin1 cKO), respectively ( Fig. 1B  and C) . As c-kit is expressed in both PCs and MLIs during development, we could not use the c-kit-Cre line to selectively knockout Grin1 in MLIs (Amat et al. 2017 ).
Thus, we used Pvalb-Cre transgenic mice to knockout GluN1 in parvalbumin (PV)-positive MLIs and PCs (MLI/PC-Grin1 cKO) (Fig. 1D) .
Although conventional Grin1 KO mice die within a day of birth (Forrest et al. 1994) , all three Grin1 cKO mouse lines were viable. In addition, although knockout of Grin1 in PV-positive interneurons is reported to cause schizophrenia-related deficits induced by MK-801 (Bygrave et al. 2016) , all Grin1 cKO mice could walk along a straight line with regular steps (Fig. 1E) . The cerebella of all Grin1 cKO mouse lines had normal foliation and laminated cortical structures (Fig. 1F) . The thicknesses of the molecular layer were similar among PC-, GC-and MLI/PC-Grin1 cKO, and control mice (PC-Grin1 cKO, 161.9 ± 5.6 μm; GC-Grin1 cKO, 155.6 ± 11.0 μm; MLI/PC-Grin1 cKO, 160.5 ± 4.4 μm; control, 162.6 ± 4.9 μm; n = 6 slices from three mice; P = 0.967; Fig. 1G , left). The thicknesses of the granular layers were also similar among these mice (PC-Grin1 cKO, 94.9 ± 5.7 μm; GC-Grin1 cKO, 99.4 ± 5.4 μm; MLI/PC-Grin1 cKO, 95.8 ± 5.2 μm; control, 94.1 ± 4.2 μm, n = 6 slices from three mice; P = 0.720; Fig. 1G, right) . Together, these results indicate that conditional knockout of NMDARs in PC, GC, or MLI/PC does not lead to gross morphological cerebellar abnormalities associated with apparent motor deficits.
To further assess the effect of deletion of NMDARs on cellular components, we immunostained cerebella of all Grin1 cKO mice with calbindin (a PC marker) and PV (a MLI/PC marker). Immunostaining with calbindin showed grossly normal numbers and shapes of PCs among PC-, GC-and MLI/PC-Grin1 cKO and wild-type mice (Fig. 1H) . MLIs, which were identified as PV-positive and calbindin-negative cells in the molecular layer, also showed grossly normal morphology with similar numbers of neurites among all genotypes (control, 2.1 ± 0.1; PC-Grin1 cKO, 2.2 ± 0.1; GC-Grin1 cKO, 2.2 ± 0.1; MLI/PC-Grin1 cKO, 2.2 ± 0.1; n = 3 mice; P = 0.897; Fig. 1J ). In addition, there were no changes in the number of MLIs (control, 76.9 ± 5; PC-Grin1 cKO, 69.4 ± 4; GC-Grin1 cKO, 72.5 ± 3; MLI/PC-Grin1 cKO, 78.6 ± 4; per 0.1 mm 2 , n = 3 mice; P = 0.563; Fig. 1I ). These results indicate that deletion of NMDARs does not affect the development and survival of PCs and MLIs in any Grin1 cKO mice.
To examine whether functional NMDARs were abolished in targeted neurons, we next performed whole-cell patch-clamp recordings from GCs and MLIs in acute cerebellar slices prepared from GC-Grin1 cKO and MLI/PC-Grin1 cKO P22-34 mice in Mg 2+ -free extracellular solution. Bath application of 100 μM NMDA plus 20 μM glycine induced typical NMDAR-mediated inward currents associated with large increases in current fluctuations (Forrest et al. 1994) in controls, but not in GC-Grin1 cKO GCs at -80 mV (GC-Grin1 cKO, 0.1 ± 1.8 pA from n = 5 cells; control, 13.5 ± 3.3 pA from n = 7 cells; P = 0.010; Fig. 2A and B) . Similarly, bath application of 100 μM NMDA plus 20 μM glycine induced inward currents in controls, but not in MLI/PC-Grin1 cKO MLIs (MLI/PC-Grin1 cKO, 0.3 ± 11.8 pA from n = 4 cells; control, 62 ± 13.6 pA from n = 4 cells; P = 0.029; Fig. 2C and D) . As reported previously (Piochon et al. 2007; Renzi et al. 2007; Bidoret et al. 2009 ), a small proportion of CF-EPSCs were carried by NMDARs in a subpopulation of PCs from control mice at P65-80 (7 of 28 PCs from three mice; Fig. 2E -G) in Mg 2+ -free extracellular solution. In contrast, this CF-evoked NMDA-EPSC was never observed in PC-Grin1 cKO PCs (0 of 30 PCs from three mice; Fig. 2E-G) . These results indicate that functional NMDARs are disrupted in GCs, MLIs and PCs in GC-Grin1 cKO, MLI/PC-Grin1 cKO and PC-Grin1 cKO cerebella, respectively.
To examine the specific disruption of NMDAR proteins in targeted neurons, we next performed immunohistochemical analyses of GluN1 in each cKO mouse line. Control mice showed GluN1 immunoreactivity in MLIs, PCs and the glomeruli of GCs (Fig. 2H) . In contrast, GluN1 immunoreactivity was predominantly reduced in PCs, but not in GCs or MLIs, in PC-Grin1cKO mice (PC, 23 ± 2%; GC, 98 ± 3%; MLI, 107 ± 3%; n = 6 slices from three mice; P < 0.001 for PC vs. control; Fig. 2I ). Similarly, GluN1 immunoreactivity was predominantly abolished in GCs, but not in PCs or MLIs, in GC-Grin1 cKO mice (PC, 83 ± 4%; GC, 11 ± 1%; MLI, 101 ± 3%; n = 6 slices from three mice; P < 0.001 for GC vs. control; Fig. 2J ). MLI/PC-Grin1 cKO mice showed a preferential reduction of GluN1 immunoreactivity in PCs and MLIs (PC, 15 ± 1%; GC, 53 ± 4%; MLI, 24 ± 1%; n = 6 slices from three mice; P < 0.001 for PC and MLI vs. control; Fig. 2K and L) . Together, the data show that GluN1, an essential subunit of functional NMDARs, was predominantly abolished in targeted neurons in the cKO cerebellum.
NMDARs in MLIs are required for LTD probably via NO production
As NMDARs are shown to shape synaptic transmission and plasticity (Banerjee et al. 2016) , we recorded PF-EPSCs from PCs in acute cerebellar slices from cell type-specific cKO mice. Selective stimulation to PFs (Fig. 3A) induced PF-EPSCs with a paired-pulse facilitation, which reflects presynaptic function (Fig. 3B ). There were no differences in PF-EPSC kinetics (10-90% rise time, P = 0.154; decay time constant, P = 0.770) and paired-pulse ratio of PF-EPSC amplitudes (P = 0.570) among all cKO mouse lines (Table 1) . We previously showed that the application of conjunctive stimulation ( Fig. 3A ; PF/ V-stim; 30 cycles of single PF stimuli and PC depolarization at 1 Hz) induced robust LTD, which was completely abolished by NMDAR antagonists (Kakegawa et al. 2011) . Thus, we next examined cellular localization of NMDARs responsible for LTD by application of PF/ V-stim to acute slices prepared from the three kinds of Grin1 cKO mice. While PF/ V-stim induced LTD in controls, as well as in PC-Grin1 cKO and GC-Grin1 cKO mice, it failed to do so in MLI/PC-Grin1 cKO mice (PF-EPSC amplitude at t = 30 min, control, 72 ± 3%; PC-Grin1 cKO, 67 ± 7%; GC-Grin1 cKO, 61 ± 4%; MLI/PC-Grin1 cKO, 96 ± 3%; P = 0.005; Fig. 3C-E) , indicating that NMDARs expressed in MLI are required for induction of LTD.
A small proportion of CF-EPSCs carried by NMDARs (Piochon et al. 2007; Renzi et al. 2007; Bidoret et al. 2009 ); Fig. 2E -G) may contribute to LTD in older animals (Piochon et al. 2010) . To examine the role of NMDARs at CF-PC synapses, we stimulated PFs and a CF simultaneously for 2 min at 1 Hz in the currentclamp mode (PF/CF-stim; Fig. 4A ; (Kakegawa et al. 2015) to induce LTD in acute slices prepared from older (over 8 weeks) animals. Interestingly, PF/CF-stim induced robust LTD in both control and PC-Grin1 cKO mice. In contrast, PF/CF-stim failed to induce LTD in MLI/PC-Grin1 cKO mice (PF-EPSC amplitude at t = 30 min; control, 71 ± 4%; PC-Grin1 cKO, 66 ± 8%, P = 0.559, control vs. PC-Grin1 cKO; MLI/PC-Grin1 cKO, 92 ± 6%; P = 0.042, control vs. MLI/PC-Grin1 cKO; Fig. 4B-D) . Together, these results indicate that NMDARs expressed in MLIs, but not in PCs or GCs, play essential roles in LTD in adult and juvenile cerebella.
presence of 500 nM NBQX (black), 50 μM NBQX (green), and the subsequent 100 μM D-AP5 (blue). NMDA-EPSCs (red) were calculated by the subtraction of blue traces from green ones. In the inset, NMDA-EPSC was scaled to the size of CF-EPSC recorded in the presence of 500 nM NBQX. The individual (F) and averaged (G) amplitudes of NMDA-EPSCs are plotted (n = 30 cells from three PC-Grin1 cKO mice; n = 28 cells from three CTL mice). H, representative immunohistochemical images of GluN1 (green) and Nissl (magenta) in MLIs, PCs and GCs. White dashed line shows the soma of PC. I-K, quantification of GluN1 immunoreactivity. The intensity of signals in each cKO slice was normalized by that in control slices immunostained in parallel. The bars show averaged normalized GluN1 intensity + SEM. n = 6 slices from 3 mice for each genotype. * P < 0.05, * * * P < 0.001; Mann-Whitney U test in B, D, G, I, J, K and L. Scale bars, 10 μm. Although NMDAR activation induces GABA release from MLIs (Glitsch & Marty, 1999; Glitsch, 2008) , this effect is unlikely to mediate LTD, which is usually induced in the presence of GABA A R antagonists. One possible neurotransmitter released from MLIs during LTD is nitric oxide (NO), because neuronal NO synthase (nNOS), which is activated by NMDARs (Garthwaite et al. 1988) , is highly expressed in both granule cells and MLIs, but not in PCs or CFs (Bredt et al. 1990; Rodrigo et al. 2001) . In addition, cerebellar LTD and motor learning are reported to depend on nNOS activity (Lev-Ram et al. 1997; Katoh et al. 2000) . Thus, to test this possibility, we examined the effect of diethylamine nitric oxide sodium (DEANO), a potent NO donor, on LTD in MLI/PC-Grin1 cKO slices (Fig. 5A) . As an NO donor can induce postsynaptic LTP (Lev-Ram et al. 2002) , we included 100 nM BoNT LC , which prevents activity-dependent AMPAR exocytosis without affecting steady-state PF-EPSCs (Kakegawa & Yuzaki, 2005) , in the recording patch pipettes. Under these conditions, PF/ V-stim induced LTD in MLI/PC-Grin1 cKO slices (PF-EPSC amplitude at t = 30 min, vehicle, 91 ± 4%; DEANO, 72 ± 5%; P = 0.016; Fig. 5B-D) . The paired-pulse ratio (PPR), which reflects presynaptic release probability, did not change throughout the recording (PPR in DEANO-treated slices, 1.86 ± 0.10 and 1.87 ± 0.09 before and after PF/ V-stim, respectively, n = 9 cells, P = 0.757; PPR in control slices, 1.88 ± 0.11 and 1.88 ± 0.04, before and after PF/ V-stim, respectively, n = 7 cells, P = 0.933; paired t test). These results indicate that impaired LTD was caused by reduced production of NO, which was probably downstream to NMDARs in MLIs.
LTP is independent of NMDARs
Like many synapses in the central nervous system, cerebellar PF-PC synapses undergo postsynaptically expressed LTD and LTP, depending on the pattern of neuronal activities (Coesmans et al. 2004 ). We used low-frequency stimulation (1 Hz for 5 min) of PFs to induce LTP, as this form of LTP is previously shown to be correlated with motor learning (Schonewille et al. 2010 (Schonewille et al. , 2011 Gutierrez-Castellanos et al. 2017 ). In addition, 1 Hz PF stimulation is shown to induce postsynaptic LTP that requires concomitant NO production (Lev-Ram et al. 2002; Wang et al. 2014) . We found that PF stimulation at 1 Hz for 5 min (Fig. 6A ) robustly induced postsynaptic LTP in control cerebellar slices, and similarly induced LTP in GC-Grin1 cKO and MLI/PC-Grin1 cKO mice (PF-EPSC amplitude at t = 30 min, control, 152 ± 11%; GC-Grin1 cKO, 144 ± 9%; MLI/GC-Grin1 cKO, 132 ± 10%; P = 0.327; Fig. 6B-D) . While these findings are at odds with a recent report indicating that postsynaptic LTP induced by high-frequency PF stimulation (15 pulses at 100 Hz repeated at 1 Hz for 5 min) requires presynaptic NMDARs in GCs (Bouvier et al. 2016) , they are consistent with an earlier finding that low-frequency stimulation of PFs can induce LTP in the presence of AP5, an NMDA receptor blocker, in cerebellar slices. These results indicate that NMDARs in MLIs are dispensable for induction of 1 Hz-LTP in the cerebellum.
hOKR adaptation is impaired in MLI/PC-Grin1 cKO mice
Finally, to clarify functional roles of NMDARs in different cell populations in motor learning, we examined the visual adaptation of hOKR in each Grin1 cKO mouse line. To induce hOKR, a checked-pattern screen was repeatedly moved in a horizontal direction (15°) for 60 min in front of the mice (Fig. 7A) . The hOKR appeared similar at time 0 among all Grin1 cKO mice and their control mice, indicating that loss of NMDARs in these cells does not affect development of basic circuits necessary for hOKR. In addition, 60 min of training at 0.33 Hz similarly increased the hOKR gain in control and PC-Grin1 cKO mice ( Fig. 7B ; P = 0.941). GC-Grin1 cKO and their control mice also showed a similar gain increase during 60 min of training (P = 0.183) although GC-Grin1 cKO mice tended to show a lower gain increase than control mice ( Fig. 7C ; see Discussion). In contrast, MLI/PC-Grin1 cKO mice showed impaired adaptation of hOKR compared with controls ( Fig. 7D ; P = 0.001). These results indicate that NMDARs in MLIs probably play important roles in motor learning involved in hOKR adaptation in vivo (see Discussion).
Discussion
Postsynaptic NMDARs play crucial roles in LTP/LTD induction as a coincidence detector in various brain regions. However, while NMDARs are shown to be required for LTD in the cerebellum, their cellular localization and physiological roles in motor learning have remained unclear. In the present study, we showed that LTD was robustly induced in GC-Grin1 cKO and PC-Grin1 cKO cerebella (Figs 3 and 4) . Although LTD was impaired in MLI/PC-Grin1 cKO cerebella (Fig. 3) , it was rescued by application of an NO donor during LTD-inducing stimuli (Fig. 5) . In contrast, 1 Hz-LTP was normally induced in GC-Grin1 cKO and MLI/PC-Grin1 cKO cerebella (Fig. 6) . Finally, we found that hOKR adaptation was impaired in MLI/PC-Grin1 cKO mice, but not in GC-Grin1 cKO or PC-Grin1 cKO mice (Fig. 7) . Together, these results indicate that it is the NMDARs expressed in MLIs, but not in PCs or GCs, that are probably required for production of NO necessary for LTD induction and motor learning in vivo (Fig. 8) .
There has been controversy regarding the cellular and subcellular localization of NMDARs and their roles in LTD. Repetitive activity of PFs during LTD-inducing stimuli was shown to preferentially activate GluN2A-containing presynaptic NMDARs on PF axons, but not on MLI axons (Bidoret et al. 2009 (Bidoret et al. , 2015 . However, NMDA application did not increase Ca 2+ in PFs and miniature EPSCs recorded in PCs (Shin & Linden, 2005) . In contrast, NMDA application increased Ca 2+ in MLI neurites (Shin & Linden, 2005) , miniature inhibitory synaptic current (IPSC) frequency (Glitsch & Marty, 1999; Shin & Linden, 2005; Glitsch, 2008) , and IPSC amplitudes (Duguid & Smart, 2004) in PCs, indicating the presence of presynaptic NMDARs on MLI axons. However, bath application (Christie & Jahr, 2008) or local iontophoresis (Clark & Cull-Candy, 2002; Pugh & Jahr, 2011) of NMDAR agonists failed to induce Ca 2+ increases in MLI axons. In the present study, using cell type-specific knockouts of NMDARs, we propose that NMDARs in MLIs, but not GCs, play an essential role in LTD induction.
It remains to be determined whether NMDARs are located on MLI axons or not. This issue is related to how NMDARs are activated during LTD-inducing stimulation. Repetitive PF stimulation (>10 Hz) is shown to activate extrasynaptic NMDARs on MLI dendrites (Clark & Cull- Candy, 2002; Shin & Linden, 2005) , leading to NO release (Wang et al. 2014) (Fig. 8, pathway 1) . However, in our LTD-inducing protocol, PFs were stimulated at a low frequency (1 Hz), which may not have released enough glutamate to activate extrasynaptic NMDARs on MLI dendrites. An alternative source of glutamate is that released from PC dendrites upon PC depolarization (Duguid & Smart, 2004) (Fig. 8, pathway 2) . In this scenario, NMDARs on MLI axons may be more efficiently activated. Since extrasynaptic NMDARs on MLI dendrites are regulated by neuroligin1 (Zhang & Sudhof, 2016) , examination of LTD in neuroligin1 knockout mice will help clarify subcellular localization of NMDARs necessary for LTD induction.
Interestingly, we showed that NMDARs in MLIs are dispensable for gross coordinated movement involved in normal gait (Fig. 1E) . However, they are indispensable for motor learning during adaptation of hOKR (Fig. 7) . A caveat in interpretation of the hOKR results in MLI/PC-Grin1 cKO mice is that Grin1 is ablated in all PV-positive interneurons throughout the brain. Although earlier studies have established that the cerebellar circuit in the flocculus is solely responsible for motor learning during hOKR and vestibule-ocular reflexes (Ito et al. 2014 ; De Zeeuw & Ten Brinke, 2015) , NMDARs in PV-positive neurons outside the cerebellum could potentially affect the oculomotor learning. Another caveat is that, unlike in slice preparations in which GABA A R antagonists are included, MLIs can exert feed-forward and tonic inhibition on PC activities in hOKR experiments. Thus, in addition to NO production, NMDARs on MLIs can affect the excitability of PCs and modulate the oculomotor learning. Future studies are warranted to clarify the role of NMDARs in MLIs in regulation of LTD and motor learning in vivo.
Although NMDARs in GCs were dispensable for LTD in our slice preparations, adaptation of hOKR tended to be less efficient in GC-Grin1 cKO mice (Fig. 7C) . This may reflect the fact that NMDARs at mossy fibre (MF)-GC synapses also contribute to motor learning. Indeed, mice in which GC-specific Grin2c and Grin2a genes were disrupted showed impaired motor learning (Kadotani et al. 1996) due to the loss of NMDARs from MF-GC synapses. Importantly, although LTP was proposed as a cellular model for motor learning (Schonewille et al. There has also been controversy regarding the expression of functional NMDARs in PCs. Although GluN1 is highly expressed throughout life, very low levels of GluN2 are expressed in PCs (Watanabe et al. 1993; Akazawa et al. 1994; Petralia et al. 1994; Yamada et al. 2001) , except for the transient expression of GluN2D. Thus, while PCs show functional extrasynaptic NMDARs in neonates (Momiyama et al. 1996; Lachamp et al. 2005) , they do not participate in PF-or CF-EPSCs in juvenile (2-3 weeks postnatal) cerebella (Perkel et al. 1990; Kakegawa et al. 2003) . However, a small proportion of CF-EPSCs are shown to be carried by NMDARs in animals older than 8 weeks (Piochon et al. 2007; Renzi et al. 2007; Bidoret et al. 2009 ) and contribute to LTD (Piochon et al. 2010) . We also confirmed that CF stimulation evoked small EPSCs carried by NMDARs in older wild-type mice, but not in PC-Grin1 cKO mice (Fig. 2) . However, LTD was normally induced in PC-Grin1 cKO mice either by PF/ V-stim or PF/CF-stim (Figs 3 and 4) . Similarly, hOKR adaptation was normally observed in old PC-Grin1 cKO mice (Fig. 7) . Therefore, we propose that although functional NMDARs are expressed at CF-PC synapses in old animals, these NMDARs are unlikely to mediate motor learning in vivo. Nevertheless, it is also possible that NMDARs in PCs may be involved in other physiological functions under different conditions.
Conclusions
Although NMDARs are known to be required for LTD induction in the cerebellum, their cellular localization and physiological functions were unclear. Using cell type-specific Grin1 knockout mice, we concluded that NMDARs in MLIs, but not GCs or PCs, are required for LTD, but not 1 Hz-LTP. Additionally, NO produced by NMDAR activation in MLIs probably mediates LTD induction. We also showed that NMDARs in MLIs are indispensable for motor learning during adaptation of hOKR. In the cerebellar circuit, MLIs are unique, in that they not only provide feed-forward inhibition to temporally control firing of PCs, but also produce diffusible neurotransmitter NO to spatially regulate synaptic plasticity at PF-PC synapses (Fig. 8) . NMDARs expressed in MLIs probably play key roles in both functions, with its slow kinetics to integrate spatiotemporal information and Ca 2+ influx to activate nNOS. Future studies are warranted to clarify the subcellular localization of NMDARs in MLIs and the source of glutamate for its activation.
